Abstract-The effect of magnetoresistance, magnetothermal conductivity (MTC), and RRR value on the active quench protection of a persistent-mode conduction-cooled 1.5 T MgB 2 superconducting magnet is studied using numerical simulation. It is found that inclusion of magnetoresistance in the simulation can significantly decrease the calculated maximum temperature reached in this magnet during a quench, e.g., by 9 K for RRR = 100. The inclusion of both magnetoresistance and MTC similarly decreases the peak temperature, but by a smaller amount, e.g., by 7 K for RRR = 100. Using copper with a lower RRR value can also significantly decrease the peak temperature reached in this magnet, e.g., by 16 K for RRR = 50 as compared to RRR = 200. However, decreasing the RRR value to much less than 50 results in a significantly higher voltage, e.g., decreasing the RRR value from 50 to 10 results in a 1000 V increase. A RRR value between 50 and 100 may provide a good balance.
I. INTRODUCTION
A TYPICAL NIOBIUM TITANIUM (NbTi) MRI magnet, bathed in liquid helium (LHe), requires thousands of liters of LHe over its lifetime [1] . Since helium is a nonrenewable resource that is in short supply and prices have been steadily increasing [2] , it would be desirable to have a conduction-cooled magnet, that requires only a few liters of LHe. One candidate for such a magnet is magnesium diboride (MgB 2 ) [3] - [18] . Compared with NbTi, which has a zero-field critical temperature of R. J. Deissler, T. Baig, C. Poole, and M. Martens are with the Department of Physics, Case Western Reserve University, Cleveland, OH 44106 USA (e-mail: rjd42@case.edu; tnb@case.edu; crp68@case.edu; mam18@ case.edu).
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9.4 K, MgB 2 has a zero-field critical temperature of 39 K [19] , thus making a persistent-mode, conduction-cooled MRI magnet more feasible.
One of the primary challenges in designing a persistent-mode conduction-cooled MRI magnet is the protection of the magnet in the event of an unintended quench. Compared to an NbTi MRI magnet, which typically employs a passive quench protection system (QPS) [1] , [20] - [22] , the minimum quench energy (MQE) for an MgB 2 magnet is orders of magnitude larger and the normal zone propagation velocity (NZPV) is orders of magnitude smaller [1] , [5] . This large MQE and small NZPV for MgB 2 eliminates the possibility of using passive quench protection [23] . Instead, for a persistent-mode MgB 2 magnet, an active QPS is needed in which heaters are activated upon the detection of a quench to more uniformly dissipate the magnetic energy within the magnet bundles [23] . Without such a protection system the temperature of a hot spot would reach well over 300 K during a quench, thus damaging the magnet.
Previously an active QPS for a 1.5 T persistent-mode conduction-cooled MgB 2 superconducting MRI magnet was proposed and modelled using a finite difference code, including magnetoresistance [3] . To model the quench heaters in [3] and in the present paper, a total of 34.4 kJ of energy was injected into the outer layers of all the coils upon detection of a predetermined voltage across the coil containing the hot spot. This requires a large external energy source, such as a capacitor, to power the heaters, which is an important difference from the QPS for NbTi MRI magnets. In addition to the quench modelling, the strains and stresses in the MgB 2 superconductor and in the epoxy insulation were calculated using the finite element analysis software ANSYS. The work concluded that the active protection of this persistent-mode conduction-cooled MgB 2 magnet was feasible.
Although it is well known that the magnetoresistance, the magnetothermal conductivity (MTC), and the residual resistivity ratio (RRR) value affect the performance of a superconducting magnet [24] - [26] , little has been done in this regard for MgB 2 magnets. For example, other quench simulations for MgB 2 magnets have been performed, but these did not include magnetoresistance or MTC [27] - [29] , although the effect of RRR value on the MQE and NZPV has been studied in [29] . Here magnetoresistance and MTC refer to the dependence of the resistivity and thermal conductivity, respectively, on the magnetic field.
In this paper, the effect of magnetoresistance, MTC, and the copper RRR value on the peak temperature and voltage from a numerical simulation of the quenching persistentmode MgB 2 magnet, including the QPS, is studied. For larger RRR values, inclusion of magnetoresistance significantly decreases the calculated maximum temperature reached by the protected magnet. For these same RRR values, inclusion of MTC has a much smaller effect. Also, compared to larger RRR values, decreasing the RRR value of the copper can significantly decrease the maximum temperature reached during a quench, due to faster current decay resulting from the higher copper resistivity in the quenching coils. So even though the hot spot temperature initially increases more rapidly for lower RRR values due to the larger resistance and lower thermal conductivity, once the quench heaters are initiated and all the coils quench, the current decays more quickly because of the higher resistance, which results in a lower peak temperature.
II. MAGNET AND WIRE DESIGN
The wire used for the simulations is based on one manufactured by Hyper Tech Research, Inc. It consists of 18 MgB 2 filaments, each surrounded by a niobium barrier; a Monel sheath; and copper. This 18 filament wire contains 10% MgB 2 , 27% Cu, 24% Nb, and 39% Monel. After the wire is drawn, it is wound with S-glass, and a coil bundle is constructed by winding the wire on a former, and vacuum impregnating it with CTD-101K epoxy. A coil is cooled via thermal conduction from a cryocooler to the former to the coiled wire. The magnet design is for a 1.5 T persistent-mode MgB 2 conductioncooled MRI magnet containing 8 primary coils and 2 shield coils. The coil positions and magnetic field profile are shown in Fig. 1 . Details of the wire and magnet design appear elsewhere [3] - [6] .
III. INCLUSION OF MAGNETORESISTIVITY AND MAGNETOTHERMAL CONDUCTIVITY
A question regarding the accuracy of numerical simulations is whether it is important to include the effect of magnetoresistance [30] - [35] , [24] for this magnet. Since the current in the magnet is flowing in the azimuthal direction, and the magnetic field on wire is everywhere transverse to the current, only the transverse magnetoresistance needs to be considered.
The relative contribution of the transverse magnetoresistance to the total resistivity may be obtained from a Köhler plot [30] - [35] . The fractional contribution of the magnetoresistance to the total resistivity for copper is defined as
and the scaled magnetic flux density is
where ρ Cu (B, T ) is the resistivity of the copper, including the magnetoresistance, and B is the magnetic flux density in units of Tesla. A plot of the function ζ(χ) on a log-log plot is called a Köhler plot and for copper may be approximated by the empirical function [35] log ζ= − 2.662 + 0.3168 logχ + 0.6229 log 2 χ −0.1839 log 3 χ + 0.01827 log 4 χ
This function was obtained in [35] by plotting a large number of data points from a number of data sources, and determining the function that lies near the center of the resulting band of data points. The width of the band is quite large, ζ varying by as much as a factor of 3 or more, so for any given wire it may be necessary to perform physical measurements. For sufficiently small χ, (3) is no longer valid, so for χ < 1, which corresponds to ζ < 0.002, ζ is taken to be zero.
To gauge the importance of the magnetoresistance, ζ may be calculated at the location of the largest magnetic field strength on the wire, and at the operating temperature of the magnet. Since ρ Cu (0, 10 K) ≈ ρ Cu (0, 4 K), then χ ≈ RRR · B at the operating temperature of 10 K for this magnet, where the RRR value is defined by RRR = ρ Cu (0, 273 K)/ρ Cu (0, 4 K). In this paper, RRR values of 10, 20, 50, 100, 200, and 500 are considered. At the location of largest magnetic flux density, 2.84 T, the values of ζ from (3) corresponding to these RRR values are 0.043, 0.098, 0.29, 0.65, 1.40, and 3.71, respectively. So the magnetoresistance may contribute up to 370% of the total resistivity. Therefore, depending on the RRR value of the copper in the wire, the magnetoresistance may play a significant, or even dominant [24] , role. It may be noted that cold working, such as drawing of the wire, will reduce the RRR value of the wire [35] . So a RRR value of 500 may be unrealizable for the wire in this magnet. However, such a high RRR value is undesirable anyway, since it results in a higher peak temperature.
Since the presence of a magnetic field affects the electrical resistivity, it may also be expected to affect the electronic contribution to the thermal conductivity. In order to estimate this effect, the Wiedemann-Franz Law is used [25] :
where κ θ,Cu is the azimuthal component of the thermal conductivity for copper, ρ Cu is the electrical resistivity for copper, and L 0 is the Lorentz number. Note that the azimuthal component of the heat flux in the copper is everywhere transverse to the magnetic field, just as the current is everywhere transverse to the magnetic field. Also the radial and axial components of the thermal conductivity in the copper are not needed, since the effective radial and axial thermal conductivities of the wire are dominated by the thermal conductivity of the insulation, as will be seen from (12) . Therefore, only the transverse MTC for copper needs to be considered. Equation (4) will be employed in the next section, by noting that, for a given T, the azimuthal thermal conductivity of copper is reduced by the same factor by which the electrical resistivity is increased.
IV. NUMERICAL METHODS

A. Thermal Model
The three-dimensional nonlinear heat equation in cylindrical coordinates is given by
where Dc(T ) is the average volumetric heat capacity, D being the mass density and c(T ) being the specific heat capacity; and κ θ (B, T ), κ z (T ), and κ r (T ) are the effective thermal conductivities in the θ, z, and r directions, respectively. It may be noted that, because the quench heaters fully cover the outer circumferences of the coils and are therefore axial symmetric, (5) needs to be calculated in three dimensions only for the coil with the hot spot. For the remaining 9 coils, the term involving the azimuthal derivatives is zero because of the axial symmetry of the heaters, which greatly decreases the calculation time.
The quantity Q ext in (5) is the heat generation − power per unit volume -from external sources, such as quench heaters, and Q int is the internal heating in the wire given by
where I is the current, A = ΔrΔz is the cross-sectional area of the wire (including the insulation), E c is the electric field criterion, I c is the critical current for superconductivity, and n is the n-value of the wire. The parameters E c and n are taken to be E c = 1 μV/cm and n = 30 [36] , [37] .
B. Effective Parameter Values
The effective volumetric heat capacity; azimuthal thermal conductivity, including the MTC; and electrical resistivity, including the magnetoresistance; in terms of these quantities for the individual components are given by
and
where f i is the volume fraction of the various components in the wire.
Since the electrical resistivity of copper is orders of magnitude greater than that of the other components in the wire, it is assumed that all the current is flowing through the copper. Therefore, there is only one term in the sum in (9) , and the magnetic field dependence on the resistivity for copper is given, using (1) and (2), by
Since the thermal conductivity of copper is much greater than that of the other components, magnetic field dependence is assumed only for copper in (8), any potential field dependence for any of the other components being neglected. Recalling from the discussion following (4) , that the azimuthal thermal conductivity of copper is reduced by the same factor by which the resistivity is increased, and using (10), this field dependence will be given by
Since the thermal conductivity of the insulation is orders of magnitude less than that of the other components in the wire, the effective thermal conductivities in the axial and radial directions may be approximated as κ z (T ) = Δz δ z κ ins (T ) and κ r (T ) = Δr δ r κ ins (T ) (12) where κ ins is the thermal conductivity of the insulation, Δz and Δr are the dimensions of the wire in the axial and radial directions, including the insulation, and δ z and δ r are the thicknesses of the insulation in the axial and radial directions. Another parameter is the critical current appearing in (6). The following empirical formula, provided by Hyper Tech Research, Inc., was used:
where A SC = 0.001602 cm 2 is the cross-sectional area of the superconductor, a 1 = −28.471 A/K · cm 2 , a 2 = 967.27 A/cm 2 , b 1 = 0.3682 T − 1 , and b 2 = 0.4538 T − 1 .
C. Time Integration and Boundary Conditions
For the simulations, (5) is discretized in the axial, radial, and azimuthal directions and integrated in time using the subroutine ode45 in Matlab. The boundary conditions for the temperature on the coil at the surface of the former are Dirichlet, or fixed to 10 K at z min , z max , and r min ; and Neuman or insulating at r max . In the azimuthal direction the boundary conditions are periodic. In the axial and radial directions, the size of the discretization is equal to the size of the wire, that is Δz and Δr. For the simulations here, Δz = 1.8145 mm, Δr = 1.190 mm, δ z = 0.2605 mm, and δ r = 0.159 mm. In the azimuthal direction 200 grid points are used, and the radius of the outer layer of coil 1, on which the disturbance is initiated, is 531.6 mm. For details of the numerical method, the reader is referred to [3] .
D. Quench Heaters and Current Decay
In addition to solving the heat equation, the current and magnetic flux density at each time step must also be determined. A disturbance is initiated on a coil by allowing a region on the surface to become resistive [38] . The resistive region is taken large enough so as to initiate a quench. When the voltage across the coil becomes larger than a predetermined amount, which is 100 mV for the simulations here, heat is injected into the outer layers of all ten coils. This quickly causes all the coils to quench, thereby increasing the overall resistance and causing the current and magnetic field to drop to a low level in several seconds. In practice, this may be accomplished by using a large capacitor to power surface heaters. Here the total amount of heat being injected into all 10 coils is 34.4 kJ in 0.2 s, the amount of heat being injected into the outer layer of each individual coil being proportional to the area of that coil. Details of the numerical method and references to the material properties may be found in [3] .
E. Electrical Resistivity and Thermal Conductivity of Copper
Since a range of RRR values are considered in this paper, empirical formulas for the zero-field electrical resistivity and zero-field thermal conductivity of copper appearing in (10) and (11), respectively, are used. The zero-field electrical resistivity in units of Ω · m for copper in terms of temperature and RRR value may be approximated as [35] ρ Cu (0, T ; RRR) = ρ 0 + ρ i + ρ i0 , where
RRR ,
where P 1 = 1.17 × 10 −17 , P 2 = 4.49, P 3 = 3.841 × 10 10 , P 4 = 1.14, P 5 = 50, P 6 = 6.428, and P 7 = 0.451. The resistivity for various RRR values is plotted in Fig. 2 .
The zero-field thermal conductivity in units of W/m · K for copper in terms of temperature and the RRR value may be approximated as [35] κ θ,C u (0, T ; RRR) = 1
, where Temperature   Fig. 4 shows the maximum temperature on the surface of coil 1, on which the disturbance is initiated, for various values of the RRR value. The sizes of the resistive regions that initiate the quench are 1 × 1, 1 × 1, 3 × 1, 4 × 2, 5 × 3, and 10 × 3 for RRR = 10, 20, 50, 100, 200, and 500, respectively, and are roughly the minimum size that will initiate a self-sustaining quench. The first number corresponds to the number of grid points along a wire that are taken as resistive, and the second number corresponds to the number of wires, which are adjacent to one another, which contain these resistive grid points. In mm, the sizes of these resistive regions are about 17 mm by 1.8 mm, 17 mm by 1.8 mm, 50 mm by 1.8 mm, 67 mm by 3.6 mm, For the results shown in the plots, the resistive regions were taken at the center of the surface of coil 1. For comparison, some simulations were also performed for the resistive region being taken on the surface, but at a distance of both a quarter of the coil width and an eighth of the coil width from an edge. This resulted in very little change in the peak temperature, the peak temperature being 0.5 K less at a quarter of the coil width from an edge and 0.7 K less at an eighth of the coil width from an edge, as compared to the initial disturbance being at the center of the surface for RRR = 100. Because the quench heater injects energy into the outer layer of the coil, the worst case scenario will correspond to the resistive region also being at the surface. For example, if the resistive region is instead in the middle layer of the coil, the peak temperature was more than 30 K less as compared to the resistive region being at the surface. Also in [3] the disturbance was taken at the center of the surface of coils 1 through 5 for RRR = 100, resulting in less than a 10 K difference in the peak temperature, the highest peak temperature corresponding to the resistive region being on coil 1. So the worst case scenario corresponds to the resistive region being at the center of the surface of coil 1.
V. RESULTS AND DISCUSSION
A. Effect of RRR Value on Peak
As seen in Fig. 4 , the maximum temperature is lower for smaller RRR values. This reduction in peak temperature may be explained by noting that, once the quench heaters are initiated, the coils initially heat up more quickly for smaller RRR values due to larger resistance. Therefore, the current drops more quickly resulting in a smaller maximum temperature. This more than compensates for the initial hotspot heating up more quickly due to the higher copper resistivity. 
B. Effect of RRR Value on Voltage
C. Effect of Magnetoresistance and Magnetothermal Conductivity
Simulations were also performed for RRR = 50, 100, and 200 without the MTC present and without both the magnetoresistance and MTC present. Without the MTC, the maximum temperature was decreased by 2.3 K, 1.9 K, and 1.7 K for RRR = 50, 100, and 200, respectively, compared with the simulations that included both the magnetoresistance and MTC. The reason the temperature at the hot spot is larger with MTC included is due to less heat being drawn from the hot spot because of the smaller thermal conductivity. It should also be noted that, because the quench heaters are axisymmetric, the heat equation (5) for all the coils but coil 1, on which hot spot occurs, are axisymmetric. Therefore, the MTC only affects the heat equation for coil 1, the term involving the azimuthal derivatives being zero for the other coils.
Without both the magnetoresistance and MTC, the maximum temperature was increased by 1.7 K, 7.0 K, and 15.3 K for RRR = 50, 100, and 200, respectively, compared with the simulations that included both the magnetoresistance and MTC. The reason the temperature is less with magnetoresistance included is that, once the quench heaters are initiated, the coils initially heat up more quickly due to the larger resistance. Therefore, the current drops more quickly resulting in a smaller maximum temperature.
VI. CONCLUSION
An active quench protection system was numerically simulated using finite difference techniques. It was found that inclusion of magnetoresistance in the simulation can significantly decrease the peak temperature reached in this magnet during a quench. This is due to the increased copper resistivity bringing down the current more quickly. For example, for RRR = 100 the hot spot temperature was decreased by 9 K. The inclusion of both magnetoresistance and magnetothermal conductivity similarly decreased the peak temperature, but by a smaller amount. For example, for RRR = 100 the hot spot temperature was decreased by 7 K.
In addition, smaller RRR values were similarly found to be beneficial, resulting in lower hot spot temperatures. For example, the hot spot temperature was 16 K lower for RRR = 50 as compared to RRR = 200. However, lower RRR values also resulted in larger voltages across the coils. For example, the maximum voltage across coil 5 was 1000 V higher for RRR = 10 as compared to RRR = 50. A RRR value between 50 and 100 may provide a good balance.
In previous simulations [3] , only RRR = 100 was used. There it was concluded that an active quench protection system to protect the 1.5 T persistent-mode conduction-cooled superconducting magnet was feasible. Considering that a smaller RRR value results in lower temperatures, a smaller RRR value, such as RRR = 50, may further increase the margin of safety.
